onset of complications may differ substantially, from immediately after application of the tattoo up to years or decades afterwards. 1 Occasionally, the allergic reaction can manifest simultaneously in older, similarly coloured tattoos. 3 The disease burden of a chronic allergic reaction in a tattoo is high, and significantly reduces quality of life. 6 Therefore, the generation of in vitro toxicity data is of utmost importance if we are to gain a better understanding of safety regarding tattoo inks. Recent publications concerning the health hazard of tattoo inks have provided insights into cytotoxicity, genotoxicity and reactive oxygen species production in the skin following tattoo ink exposure. [7] [8] [9] [10] However, in vitro data on the sensitization potential of tattoo inks are scarce.
The pigments in tattoo ink are not strictly intended for intradermal use, but for other (industrial) uses, such as applications in textiles, lacquer, inks, or plastics. Therefore, these pigments are not specifically assessed for injection into and permanent application on the human body. 11, 12 Currently, azo dyes are the chemicals that are most commonly used as colorants in tattoo inks. They have replaced the traditional pigments such as cinnabar (red), chromium (green), cobalt (blue), cadmium (yellow) or manganese (purple) derivatives. 1 Azo dyes are present in many consumer products, such as textiles and leather clothing, and may cause allergy. [13] [14] [15] Metabolism or chemical degradation of the azo bond may result in the formation of primary aromatic amines, some of which have been proven to possess mutagenic and carcinogenic or sensitizing properties.
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Black inks usually contain pigments of natural origin, such as Carbon Black (Pigment Black 6/7). This pigment consists mainly of elemental carbon (>97%). The Scientific Committee for Consumer Safety (formerly the SCCP) concluded, in their scientific opinion, that this Carbon Black pigment, when considered in its nanostructured form, can be regarded as being safe at concentrations up to 10% in consumer products. 16 However, polycyclic aromatic hydrocarbons (PAHs) may be present as contaminants in this pigment, and several of these have been classified as carcinogenic by the International Agency for
Research on Cancer. 8, 17 The adverse outcome pathway (AOP) for the process of skin sensitization defines 1 molecular initiating event and a number of key events, as follows 18 : key event 1 (initial event)-covalent binding of a xenobiotic chemical to a skin protein, forming a hapten, and penetration of the hapten through the stratum corneum into the viable layers of the underlying epidermis; key event 2-activation of keratinocytes, resulting in secretion of cytokines, for example, interleukin (IL)-1a, IL-18, and tumour necrosis factor-α; key event 3-Langerhans cell (LC) activation (migration and maturation), directly or by a haptencarrier protein complex; and key event 4-presentation of the antigen by matured LCs to antigen-responsive T lymphocytes in the draining lymph nodes, resulting in the formation of primed effector and memory T lymphocytes. 18, 19 It has been observed that sensitization potency is related to the irritant properties of the chemical, and that this irritancy results in an innate immune inflammatory response (ie, xenoinflammation). 20 New insights into the mechanism of xenoinflammation have identified IL-18 (among other cytokines) as playing a pivotal role in key event 2 of skin sensitization and allergic contact dermatitis, but, surprisingly, not in respiratory sensitization or irritant contact dermatitis. [20] [21] [22] IL-18 is therefore considered to be the key link between xenoinflammation, which may be caused by irritants as well as contact allergens, and migration of the dendritic cells. 20 Hence, this cytokine can be considered to be a specific biomarker that is upregulated by chemicals that have the potential to be skin sensitizers.
We have previously developed an in vitro assay to distinguish contact sensitizers from irritants on the basis of the release of IL-18 from reconstructed human epidermis (RHE). 23, 24 The assay is currently undergoing validation in Europe, Asia, and America, and can be used with both commercially available RHE and in-house academic RHE.
An IL-18 stimulation index (SI) equal to or above a threshold value (to be defined for each type of RHE) is strongly indicative of a skin sensitizer. For our in-house RHE, an SI of ≥5 predicted skin sensitizers as opposed to non-sensitizers with 95% accuracy. 23 Note that, in the RHE model, chemicals were applied topically to the stratum corneum, thus mimicking topical exposure in humans.
The aim of this study was to determine whether an organotypic three-dimensional (3D) reconstructed human skin (RHS) model could serve as a screening tool for determining the skin sensitization potential of tattoo inks. RHS consists of a reconstructed differentiated epidermis grown on a fibroblast-populated collagen hydrogel at the air-liquid interface. 25 As tattoo inks are permanently injected into the dermis, topical application was considered not to be the best application method. Therefore, instead of topical exposure, tattoo inks were added to the culture medium to mimic intradermal exposure. IL-18
release and cytotoxicity were determined in vitro for 2 red and 3 black tattoo inks, in order to obtain information on sensitization potential.
These red inks were chosen because they were associated with allergic reactions in patients visiting the tattoo outpatient clinic of VU University Medical Centre, Amsterdam UMC. extract was also tested, as it is added to 2 of the 5 tattoo inks investigated in this study as an "anti-inflammatory agent" ( Table 1 ). Isopropanol (1% wt/wt) was used as the vehicle for diluting Eternal Ink Light
| MATERIALS AND METHODS

| RHC culture
Red and Carbon Black No. 13, as this is a component of the undiluted ink, and glycerol (1% wt/wt) was used as the vehicle for the other inks, as glycerin (not isopropanol) was a component of these inks (Table 1) .
Furthermore, a non-sensitizing irritant control was tested in order to obtain a sensitization threshold level for the SI IL-18 parameter, namely, lactic acid ( Table 2 ).
The culture medium of RHS was supplemented with test substances at final concentrations of 10%, 1%, 0.1%, and 0.01%, or as stated otherwise, for 24 hours. Lactic acid and H. virginiana extract were diluted in culture medium to the required concentrations. RHS was then harvested. RHS biopsies were taken and processed immediately: (1) with the thiazolyl blue tetrazolium bromide (MTT) assay to determine mitochondrial activity; and (2) for histology. In addition, culture supernatant obtained from underneath the air-exposed RHS was harvested and stored at −20 C until further enzyme-linked immunosorbent assay (ELISA) analysis.
| MTT assay
Mitochondrial activity, as an indicator of cell viability, was determined with the MTT assay. 27 For each RHS, a punch biopsy (diameter of 3 mm) was taken, rinsed in phosphate-buffered saline (PBS) to remove any excess ink from the underside of the culture, and transferred to a 96-well culture plate containing 200 μL of MTT diluted in PBS (2 mg/mL) and further processed as described in Gibbs et al. 23 To determine whether the tattoo inks were able to interfere with the MTT assay, 10%
of each tattoo ink was tested in the absence of RHS. No colour change at 570 nm was observed, and it was therefore concluded that the inks did not interfere with the MTT assay at the concentrations used for RHS exposure. This is the method recommended in OECD TG 431 and 439 for the in vitro skin corrosion test (epiCS 2012).
| Haematoxylin and eosin paraffin staining assay
For light microscopic examination, RHS samples were fixed in 4%
paraformaldehyde and embedded in paraffin. Subsequently, thin sections (5 μm) were cut and stained with haematoxylin and eosin.
| IL-18 ELISA
After exposure, the amount of IL-18 in the culture supernatant was measured with a commercially available specific sandwich ELISA kit according to the manufacturer's instructions (MBL, Nagoya, Japan).
Cytokine levels determined in the exposed RHS were transformed into an SI relative to the vehicle (fold increase), according to the procedure described in reference 23 .
| High-performance liquid chromatography (HPLC)
Reversed-phase HPLC (Jasco, Tokyo, Japan) was performed with an aSymmetry C18 column (100 Å, 5 μm, 3.9 × 150 mm; Waters, Mil- 
| Data analysis
The data represent at least 3 independent experiments with an intraexperiment duplicate. For each experiment, RHS constructed from a different skin donor was used. The cell viability and IL-18 secretion results were analysed with 1-way ANOVA followed by Dunn's multiple comparison test (GRAPHPAD PRISM, version 7.0). A difference was considered to be significant when the P value was <.05, as compared with the vehicle-exposed control for IL-18 SI and the negative control for cell viability.
3 | RESULTS
| Tattoo inks show irritant properties when exposed to RHS
Five tattoo inks were selected for testing in the RHS model in order to determine their skin irritation and sensitization potential. Furthermore, 2 vehicles (glycerol and isopropanol), 1 tattoo ink additive (H. virginiana extract) and 1 irritant (lactic acid) were tested (Tables 1 TABLE 1 Commercially available tattoo inks and the relevant hazard identification of these substances according to CLP The ingredients mentioned on the label of the tattoo ink bottle. True Black had no visible effects on tissue histology. As expected, the irritant control (lactic acid) was clearly cytotoxic at a concentration of 0.06%, and H. virginiana extract had no effect on tissue architecture.
The MTT assay was performed in order to determine the test substance concentration that reduces RHS viability by 50% (EC50 value).
This value relates to the cytotoxic/irritant potential of the substances (a low EC50 value corresponds to strong irritant potency). With the exception of Intenze True Black and H. virginiana extract, RHS viability was reduced in a dose-dependent manner ( Figure 2 ; Table 3 Table 3 ). The tattoo ink vehicles (glycerol and isopropanol),
H. virginiana extract and lactic acid did not increase IL-18 release, as expected.
| The extremely strong sensitizer benzo[a] pyrene is present in Intenze Sculpting Black
To explain the differences in IL-18 release and cytotoxicity observed between Intenze Sculpting Black and the other 2 black inks, HPLC was performed to screen for PAHs (Figure 3 It is now generally accepted that skin sensitization will not be established without xenoinflammation, which involves triggering the inflammasome and the innate immune system (key events 2 and 3 in the AOP). 20 Furthermore, the irritant potency of a chemical has been
shown in vivo and in vitro to be directly related to sensitization potency, and it has also been shown that skin irritation is related to the development and severity of allergic contact dermatitis. [29] [30] [31] [32] In this study, we have shown that the inks vary considerably in their irritant potency, as illustrated by the broad range of EC50 values obtained after addition of inks to the culture medium of RHS (EC50
0.04% to EC50 not reached). Notably, Eternal Ink Light Red and
Intenze Sculpting Black had EC50 values in the same range as lactic acid (EC50 < 0.1%), suggesting that both inks have strong skin irritant and corrosive properties. Furthermore, these 2 inks were able to cause significant IL-18 secretion, which is a key biomarker for the onset of skin sensitization (key event 2).
In our RHS (and in our RHE) assay, cytotoxicity is required, as this results in cell membrane permeability, which ensures the release of all intracellularly accumulated IL-18 into the culture supernatant. 23 A background level of IL-18 can be measured after exposure to irritants and exposure to contact sensitizers. However, only upon exposure to a contact sensitizer can neosynthesis and intracellular accumulation of IL-18 occur in the cell. Therefore, an increase in IL-18 concentration is indicative of a skin sensitizer in both the RHS model and the RHE . RHS was exposed to test substances for 24 hours, culture supernatants were analysed with a specific IL-18 enzyme-linked immunosorbent assay, and RHS cell viability was then determined with the thiazolyl blue tetrazolium bromide assay. IL-18 stimulation index (SI) (grey bars) and cell viability (black bars) are shown as mean AE standard error of the mean (SEM), with each experiment (n) representing a different batch of RHS constructed from a different donor skin for Eternal Ink Light Red (n = 5), Intenze Gold Label Bright Red (n = 5), Intenze Sculpting Black (n = 5), Carbon Black No. 13 Blackout (n = 4), Intenze True Black (n = 4), Hamamelis virginiana extract (n = 4), and lactic acid (n = 3). Statistical significance was determined with 1-way ANOVA followed by Dunn's multiple comparison test. *P < .05 and **P < .01 as compared with the vehicle-exposed RHS penetrate the stratum corneum to trigger an immune response, or it may be attributable to the pigments used in the study not being present in the red tattoos that triggered the allergic symptoms. For these reasons, in our study we chose to expose RHS via the more relevant dermal route, and to investigate the complete tattoo inks as obtained from the suppliers.
As shown in Table 1 reported, such as papular and nodular reactions and phototoxic reactions, allergic reactions to black tattoo ink rarely occur. 1, 2, 33, 34 One possible explanation for this may be that the PAHs are removed from the skin with time, in contrast to the encapsulated ink pigments. 35, 36 Also, whereas a substantial increase in IL-18 secretion was observed in the RHS after exposure to Intenze Sculpting Black, our RHS IL-18 assay represents only keratinocyte activation (key event 2 of the sensitization AOP), and further downstream key events, such as dendritic cell activation and T cell priming, may possibly not occur. This will be a subject for further investigation. provide information on all of the required toxicology endpoints.
| CONCLUSION
Our results contribute to a better understanding of the tattoo-induced complications observed in our outpatient tattoo clinic, where we observed most allergic reactions in red pigmented tattoos. 4, 5 The substantial increase in IL-18 release that we observed in RHS exposed to Eternal Ink Light Red supports the clinical data in suggesting that this ink may be responsible for chronic allergic reactions. As the number of people with a tattoo has been increasing significantly during the past decade, it is important for adequate safety assessment of tattoo inks to be implemented.
